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HIGHLIGHTS 


►  Li[Lio.i3iNio.304Mn0.565]02  was  prepared  by  PVP  and  EG-assisted  co-precipitation. 

►  Prepared  sample  delivers  a  high  capacity  with  good  cycle  stability  and  rate  performance. 

►  Capacity  decay  is  related  to  solubility  and  structural  rearrangement  of  metal  ions. 
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Lithium-rich  layered  oxide,  Li[Li0.i3iNio.304Mn0.565]02  with  uniform  particle  size,  is  prepared  through  co¬ 
precipitation  of  metal  hydroxide  with  synergistic  dispersion  of  polyvinylpyrrolidone  and  ethylene  glycol 
and  subsequent  solid  reaction  with  lithium  hydroxide.  The  crystal  structure  and  morphology  of  the 
prepared  sample  is  characterized  with  X-ray  diffraction  and  scanning  electron  microscope.  It  is  found 
that  the  prepared  sample  is  a  solid  solution  of  Li2Mn03  and  LiNio.5Mno.5O2,  with  uniform  particle  size  of 
about  230  nm.  Charge/discharge  tests  indicate  that  the  prepared  sample  exhibits  improved  elevated- 
temperature  discharge  capacity  and  cycling  stability.  In  the  region  of  3.0-4.8  V,  the  prepared  sample 
delivers  initially  a  0.1  C  (1  C  =  263  mAh  g-1)  capacity  of  256  mAh  g-1  at  50  °C  and  205  mAh  g-1  at  25  °C, 
and  the  0.1  C  capacity  at  25  °C  retains  178  mAh  g-1  after  60  cycles.  The  capacity  decay  mechanism  is 
understood  in  detail  through  dQJdV  analyses. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  devices  are  needed  for  the  energy  storage  in 
electronic  products,  electric  vehicles  and  renewable  energy 
exploitation  [1].  Among  all  the  electrochemical  devices  for  energy 
storage,  lithium  ion  battery  is  considered  to  be  the  most  promising 
technology,  because  it  has  high  energy  density  and  long  lifetime  [2]. 
However,  the  energy  density  of  lithium  ion  battery  based  on 
current  technology  is  not  high  enough  for  its  commercial  applica¬ 
tion,  especially  in  electric  vehicles.  To  improve  the  energy  density 
of  lithium  ion  battery,  new  materials  are  necessary.  For  example, 
anode  materials  with  low  potential  and  high  specific  capacity  and 
cathode  materials  with  high  potential  and  high  specific  capacity 
need  to  be  developed.  Unlike  the  anode  materials  that  have  many 
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candidates,  few  cathode  materials  are  available  for  high  energy 
lithium  ion  battery. 

Cathode  materials  used  in  current  lithium  ion  battery  deliver 
low  specific  capacity,  such  as  UC0O2  ( ■ — 145  mAh  g-1)  [3], 
LiMn204  (  —  120  mAh  g_1)  [4,5],  LiFeP04  (-140  mAh  g-1)  [6]  and 
LiNii/3Coi/3Mni/302  (-160  mAh  g-1)  [7].  Lithium-rich  layered 
oxide  (Li[Lii/3_2x/3NixMn2/3_x/3]02,  0  <  x  <  0.5)  is  believed  to  be 
a  promising  cathode  material  for  high  energy  lithium  ion  battery, 
because  they  could  deliver  a  specific  capacity  over  200  mAh  g-1 
with  an  operating  potential  higher  than  3.5  V  (vs  Li/Li+)  in  average 
[8].  Much  work  has  been  done  for  the  preparation  and  character¬ 
ization  of  lithium-rich  layered  oxides  [8-24].  Jarvis  et  al.  proved 
that  Li[Lii/3_2x/3NixMn2/3-x/3]02  was  composed  of  a  solid  solution 
with  a  C2/m  monoclinic  symmetry  and  multiple  planar  defects 
by  combining  aberration-corrected  scanning  transmission  elec¬ 
tron  microscopy  (STEM),  computation  simulations  and  diffrac¬ 
tion  scanning  transmission  electron  microscopy  (D-STEM)  [12]. 
Armstrong  et  al.  employed  in  situ  differential  electrochemical 
mass  spectrometry  (DEMS)  and  powder  neutron  diffraction  to 
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demonstrate  that  oxygen  would  evolve  from  the  surface  of  lithium- 
rich  oxides  when  the  charge  potential  was  above  4.5  V  in  the  first 
cycle,  and  the  oxygen  loss  was  accompanied  by  diffusion  of  tran¬ 
sition  metal  ions  from  surface  to  bulk  where  they  occupy  vacancies 
created  by  Li  removal  [14].  Electrochemical  behavior  and  thermal 
stability  of  Li[Lii/3_2X/3NixMn2/3_x/3]02  with  different  x  values 
were  investigated  in  detail  by  Dahn’s  group  [8,9,17].  Li[Lii/3_2x/ 
3NixMn2/3_x/3]02  with  low  capacity  loss  was  developed  through 
coating  and  doping  by  Manthiram’s  group  [20,21].  However,  Li 
[Lii/3_2X/3NixMn2/3-x/3]02  materials  used  in  these  studies  were 
prepared  by  traditional  co-precipitation,  in  which  metal  hydroxide 
precursor  was  formed  by  dropping  alkaline  solution  into  metal  ion 
containing  solution  without  using  any  dispersant,  resulting  in  non- 
uniform  particle  sizes  that  do  not  favor  understanding  the  capacity 
decay  mechanism  of  Li[Lii/3_2X/3NixMn2/3_x/3]02  with  cycling. 

In  this  work,  we  proposed  a  new  method  for  preparing 
lithium-rich  layered  oxide  with  uniform  particle  size,  in  which 
polyvinylpyrrolidone  (PVP)  and  ethylene  glycol  (EG)  were  intro¬ 
duced  as  dispersants.  A  representational  lithium-rich  layered 
oxide,  Li[Lio.i3iNio.3o4Mno.565]02,  was  prepared  and  characterized 
with  X-ray  diffraction,  scanning  electron  microscope  and 
charge-discharge  test. 

2.  Experimental 

2.1.  Preparation 

Precursor-controlled  synthesis  is  usually  effective  for  preparing 
lithium-intercalated  cathode  material  with  high  performance, 
although  the  precursor  will  be  subsequently  treated  at  high 
temperature  [25,26].  To  obtain  lithium-rich  layered  oxide  with 
uniform  particles  size,  we  propose  to  control  the  growth  of  the 
transition  metal  hydroxide  precursor  with  synergistic  dispersion  of 
PVP  and  EG.  As  a  non-ionic  surfactant,  PVP  forms  micella  in  aqueous 
solution  and  limits  the  growth  space  of  particles.  Ethylene  glycol  has 
high  viscosity  and  restricts  the  growth  rate  of  particles.  The  formation 
process  of  the  lithium-rich  layered  oxide  is  shown  in  Scheme  1. 

Typically,  1  g  PVP  was  dispersed  under  magnetic  stirring  in  the 
mixed  solvent  of  60  ml  distilled  water  and  20  ml  ethylene  glycol. 
Subsequently,  10  g  manganese  acetate  (Mn(CH3C00)2-4H20)  and 
5.46  g  nickel  acetate  Ni(CH3C00)2-4H20  were  added.  After 
continuous  stirring  for  1  h,  57  ml  2.67  mol  L-1  lithium  hydroxide 
aqueous  solution  was  added  slowly  for  the  formation  of  transition 
metal  hydroxide  (Nio.35Mno.65(OH)2)  precipitation,  and  the  reaction 
time  was  12  h.  The  precipitation  was  centrifuged,  washed,  filtrated, 


and  dried  in  vacuum  at  100  °C.  All  chemicals  were  obtained  from 
Aladin  agents  corporation  (Wuhan,  China). 

As  a  precursor,  Nio.35Mno.65(OH)2  was  mixed  uniformly  with 
lithium  hydroxide  in  a  required  amount,  and  then  transferred  into 
a  muffle  furnace.  The  mixture  was  calcined  at  450  °C  for  4  h  and  then 
at  900  °C  for  8  h  and  finally  the  product  Li[Lio.i3iNi0.3o4Mn0.565]02 
was  obtained.  The  heating  rate  from  room  temperature  to  450  °C 
and  from  450  °C  to  900  °C  was  3  °C  min-1.  Moreover,  LiNio.5Mno.5O2 
and  Li2Mn03  were  also  carefully  prepared  for  XRD  comparison  as 
similar  steps. 

2.2.  Characterization 

The  morphology  of  Nio.35Mno.65(OH)2,  and  Li[Lio.i3iNio.3o4Mno.565] 
O2  was  observed  by  scanning  electron  microscope  (JSM-6380,  Japan), 
and  scanning  electron  microscope  (ZEISS  Ultra  55,  Germany), 
respectively.  The  crystal  structures  of  the  samples  were  analyzed  by 
X-ray  diffraction  (BRUKER  D8  ADVANCE,  Germany)  with  Cu  Ka 
radiation. 

2.3.  Electrochemical  measurements 

The  electrode  was  prepared  by  mixing  80  wt%  active  material  (Li 
[Li0.i3iNi0.304Mn0.565]O2)  with  10  wt%  acetylene  black  and  10  wt% 
poly(tetrafluoroethylene)  binder,  coating  the  mixture  on  an 
aluminum  sheet,  and  then  cutting  the  sheet  into  pieces  with 
1  cm  x  1  cm.  The  CR2032  coin  cell  was  assembled  in  an  Ar-filled 
glove  box  (Mikrouna,  Super  1220/750/900)  by  using  prepared 
electrode  as  cathode,  lithium  film  as  anode,  Celgard  2400  as  sepa¬ 
rator  and  1  M  LiPF6  in  EC:DMC  (1:1  in  volume)  as  electrolyte. 
The  charge/discharge  test  was  performed  on  Land  cell  test  system 
(Land  CT  2001  A,  China). 

3.  Results  and  discussion 

3.1.  Crystal  structure  and  morphology 

The  morphology  of  the  resultant  precursor  Nio.35Mn0.65(OH)2  was 
observed  by  SEM  and  Fig.  1  presents  the  observed  result.  As  seen 
from  Fig.  1,  the  precursor  is  composed  of  particles  with  an  average 
size  of  about  100  nm,  showing  the  contribution  of  PVP  and  EG  for  the 
formation  of  uniform  Nio.35Mno.65(OH)2  particles.  It  has  been  known 
that  the  crystal  structure  of  nickel  and  manganese  hydroxide  is 
related  to  its  composition  [27].  To  identify  the  composition  of  the 
precursor,  X-ray  diffraction  was  performed.  Fig.  2  presents  the  XRD 
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Scheme  1.  Schematic  formation  process  of  Li[Lio.i3iNio.304Mn0.565]02  particles. 
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Fig.  1.  SEM  images  of  Nio.35Mn0.65(OH)2. 


pattern  of  the  precursor,  which  can  be  matched  well  with  P-3ml 
space  group  (PDF#14-0117),  P  space  group  (PDF#18-0803)  and  141/ 
amd  space  group  (PDF#18-0804).  The  main  peaks  matched  with  P- 
3ml  space  group  correspond  to  metal  hydroxide  with  Cd/2- type 
structure  [27],  while  other  sharp  peaks  matched  with  P  space  group 
and  141 /amd  space  group  can  be  assigned  to  hydroxide  metal  oxide 
(NixMni_xOOH)  with  Feitknechtite  structure  and  (NixMni_x)304  with 
Hausmannite  structure,  respectively. 

Fig.  3  presents  the  XRD  pattern  of  the  prepared  Li[Lio.i3iNi0.304 
Mno.565]02  compared  with  those  of  LiNio.5Mno.5O2  and  Li2Mn03.  Li 
[Lio.i3iNi0.304Mn0.565]02  shows  nine  sharp  peaks  located  at  18.7°,  36.7°, 
38.4°,  44.4°,  48.6°,  58.6°,  64.3°,  65.0°,  and  68.3°,  respectively,  and 
some  other  weak  peaks  at  21° -25°  and  at  75° -80°,  very  similar  to  the 
pattern  of  lithium-rich  layered  oxides  reported  in  literature  [8,9].  The 
weak  peaks  at  20° -30°  are  the  characteristic  of  L^MnCVtype  struc¬ 
ture  with  LiMn6  (or  Ni-substituted)  cation  arrangements  in  the  tran¬ 
sition  metal  layers  [11,24].  Although  many  observations  have  been 
made  for  Li[Lii/3_2x/3NixMn2/3-x/3]02,  its  microstructure  is  still  not 
clear.  Some  researchers  argue  that  it  is  a  solid  solution  built  with  C/2m 
symmetry,  according  to  the  STEM  observation  and  ED  analysis  [  12,28]. 
Others  believed  that  it  was  an  integrated  composite  of  LiNio.5Mno.5O2 
with  R3m  symmetry  and  Li2Mn03  with  C/2m  symmetry,  which  was 
also  supported  by  STEM  results  [29,30].  Comparing  the  XRD  patterns 
of  Li[Lio.i3iNio.304Mno.565]02,  LiNio.5Mno.5O2  and  Li2Mn03  in  Fig.  3,  it 
can  be  known  that  there  is  a  little  difference  in  the  peak  positions  of 
these  three  samples.  The  peak  positions  of  Li[Lio.i3iNi0.304Mn0.565]02 
are  just  located  between  those  of  LiNio.5Mno.5O2  and  Li2Mn03,  as 
shown  in  Table  1.  Therefore,  we  can  infer  that  the  prepared  Li 
[Lio.i3iNio.304Mno.565]02  is  a  solid  solution  of  LiNio.5Mno.5O2  and 
Li2Mn03. 

The  morphology  of  the  prepared  Li[Li0.i3iNi0.304Mn0.565]O2  was 
observed  by  scanning  electron  microscope.  The  SEM  images  and 


Fig.  2.  XRD  pattern  of  Ni0.35Mn0.65(OH)2. 


particle  size  distribution  are  shown  in  Fig.  4.  It  can  be  seen  from 
Fig.  4  that  the  particles  of  the  prepared  Li[Lio.i3iNio.304Mno.565]02 
are  polygonal  and  very  uniform  with  an  average  size  of  230  nm. 
This  confirms  that  Li[Lio.i3iNi0.304Mn0.565]02  with  uniform  particle 
size  can  be  obtained  by  the  synergistic  dispersion  of  PVP  and  EG  for 
the  precursor  formation. 

3.2.  Electrochemical  performance 

Fig.  5  shows  the  charge/discharge  curves  of  the  cell  Li[Lio.i3iNio.304 
Mn0.565]O2/Li  between  3.0  V  and  4.8  V  at  two  temperatures  under  the 
same  rate  (0.1  C,  where  1  C  =  263  mAh  g-1).  The  charged  Li 
[Lio.i3iNio.304Mno.565]02  can  deliver  a  discharge  capacity  of 
205  mAh  g_1  with  the  charge-discharge  efficiency  of  74%  at 
25  °C.  During  the  charging  at  the  potential  below  4.4  V,  the 
capacity  is  contributed  by  the  lithium  de-intercalation  from  Li 
[Li0.i3iNio.304Mn0.565]02,  which  is  accompanied  with  the  oxidation  of 
Ni2+  for  compensating  charges  [10].  When  the  charge  potential  is 
raised  above  4.4  V,  lithium  ions  can  be  further  extracted  from  Li 
[Lio.i3iNio.304Mno.565]02  with  simultaneous  release  of  oxygen  [14,23], 
which  corresponds  to  the  potential  plateau  around  4.5  V  in  Fig.  5.  After 
the  initial  charging  above  4.5  V,  part  of  manganese  ions  are  activated 
electrochemically  due  to  the  energetically  favorable  interstitial  sites 
created  by  removal  of  lithium,  so  that  the  high-valence  manganese 
could  be  reduced  when  the  charged  Li[Lio.i3iNio.304Mno.56s]02  is  dis¬ 
charged  at  the  potential  below  3.5  V  [18].  From  Fig.  5,  it  can  be  noted 
that  the  charged  Li[Lio.i3iNio.304Mno.565]02  delivers  a  higher  dis¬ 
charge  capacity  with  a  higher  charge-discharge  efficiency  at  50  °C, 
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Fig.  3.  XRD  pattern  of  the  prepared  Li[Li0.i3iNio.304Mn0.565]02,  compared  with  Li 
[Ni0.5Mn0.5]O2  and  Li2Mn03. 
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Table  1 

The  peak  positions  of  Li2Mn03,  Li[Lio.i3iNio.304Mn0.565]02  (Li-rich)  and  Li[Ni0.5Mn0.5] 

o2. 


Sample 

20/° 

Li2Mn03 

18.85 

37.16 

38.04 

38.78 

44.89 

49.01 

59.05 

64.73 

65.67 

69.01 

Li-rich 

18.76 

36.83 

37.96 

38.44 

44.52 

48.66 

58.66 

64.31 

65.11 

68.39 

Li[Ni0.5 

Mno.5]02 

18.60 

36.38 

37.72 

38.03 

44.11 

48.26 

58.24 

63.94 

64.37 

67.64 

256  mAh  g^1  with  the  efficiency  of  79%.  The  increased  capacity  is 
mainly  from  the  discharge  below  3.5  V.  This  indicates  that 
elevated  temperature  facilitates  the  extraction  of  lithium  ions  from  Li 
[Lio.i3iNi0.304Mn0.565]02  and  the  stabilization  of  the  lithium 
vacancies.  At  50  °C,  the  discharge  capacity  of  the  prepared  Li 
[Lio.i3iNio.304Mno.565]02  is  also  higher  than  that  of  the  Li 
[Lio.i3iNio.304Mno.565]02  sample  prepared  by  the  co-precipitation 
method,  in  which  not  any  dispersant  was  used  and  the  particle  size 
is  non-uniform.  For  example,  the  sample  prepared  by  co-precipitation 
of  the  hydrated  metal  nitrate  salts  with  lithium  hydroxide  delivered 
a  discharge  capacity  of  230  mAh  g_1  in  the  region  of  2.75-4.8  V  [11  ]. 
This  comparison  suggests  that  the  uniform  particle  size  of  Li 
[Lio.i3iNio.304Mno.565]02  favors  the  extraction  of  lithium  ions  from  Li 
[Lio.i3iNio.304Mno.565]02,  which  is  possibly  associated  with  the 


homogeneous  surface  available  on  the  size-uniform  particles  and  thus 
less  polarization. 

The  cyclic  performance  of  Li[Lio.i3iNio.304Mno.56s]02  was  ob¬ 
tained  through  charge-discharge  at  0.1  C  between  3.0  V  and  4.8  V, 
as  shown  in  Fig.  6.  It  can  be  seen  that  the  prepared  Li 
[Li0.i3iNi0.304Mn0.565]O2  retains  a  capacity  of  178  mAh  g_1  after  60 
cycles,  87%  of  its  initial  discharge  capacity.  This  performance  is 
much  better  than  those  that  have  been  reported  in  literature  [31  — 
33].  For  example,  the  capacity  retention  of  Li[Lio.i3iNi0.304Mn0.565] 
O2  is  88%  after  11  cycles  [31],  about  87%  after  13  cycles  [32]  and 
about  85%  after  25  cycles  [33]. 

Although  the  prepared  Li[Li0.i3iNi0.304Mn0.565]O2  exhibits  better 
elevated-temperature  capacity  and  cyclic  stability  due  to  its 
uniform  particle  size,  its  capacity  decay  is  still  significant  compared 
to  the  conventional  cathode  materials  such  as  LiCo02  and  LiM^CU. 
The  gradual  capacity  decay  of  lithium-rich  oxide  was  attributed  to 
the  dissolution  of  transition  metal  ions  induced  through  dispro¬ 
portionation  reaction  of  Mn3+  to  Mn4+  and  Mn2+  [11].  To  under¬ 
stand  the  mechanism  on  the  capacity  decay  in  more  detail,  the 
analyses  on  the  variation  of  differential  charge-discharge  capacity 
(dQ/dV)  with  voltage  were  performed  in  this  work. 

Fig.  7  presents  the  charge-discharge  curves  of  the  cell  Li 
[Li0.i3iNio.304Mn0.565]02/Li  at  0.05  C  between  2.5  V  and  4.8  V  at 


Diameter  /  nm 


Fig.  4.  SEM  images  and  particle  size  distribution  of  the  prepared  Li[Li0.i3iNi0.304lVIno.565]02. 
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Specific  capacity  /  mAh  g'1 

Fig.  7.  Charge/discharge  curves  of  the  cell  Li[Li0.i3iNio.304Mn0.565]02/Li  at  0.05  C 
between  2.5  V  and  4.8  V. 


25  °C  for  1st,  2nd,  5th,  15th,  30th,  and  50th  cycles,  and  the  corre¬ 
sponding  dQJdV  curves  are  shown  in  Figs.  8  and  9.  In  1st  cycle 
(Fig.  8),  the  sharp  oxidation  peak  at  4.56  V  can  be  assigned  to  the 
irreversible  oxidation  of  02~  and  the  decomposition  of  electrolyte 
[34].  The  weak  reduction  peak  at  3.41  V  is  attributed  to  the 
reduction  of  manganese  ions  [31].  The  oxidation  peaks  and 
reduction  peaks  between  3.5  V  and  4.4  V  can  be  attributed  to  the 
redox  of  Ni2+/Ni4+  [31].  Why  two  oxidation  peaks  but  three 
reduction  peaks  appear  in  1st  cycle  for  Ni2+/Ni4+  couple  can  be 
explained  by  the  structural  rearrangement:  two  couple  peaks 
around  3.8  V  and  4.0  V  are  assigned  to  the  redox  of  Ni2+/Ni3+  and 
Ni3+/Ni4+,  respectively,  and  can  exist  steadily  in  the  charge- 
discharge  region  of  3.0  V  and  4.4  V,  which  has  been  proved  by 
Dahn  [9].  Flowever,  as  clearly  seen  from  Fig.  9,  the  couple  peaks 
around  4.0  V  almost  disappear  after  the  charging  above  4.5  V,  and 
a  couple  peaks  around  4.3  V  appears  subsequently,  indicating  that 
structural  rearrangement  induced  by  irreversible  loss  of  oxygen  has 
significant  influence  on  the  electronic  environment  of  nickel  ions 
with  high  valence. 

After  1st  cycle,  the  reduction  peak  current  of  manganese  ions 
increases  and  its  peak  potential  shifts  negatively  with  cycling,  and 
two  oxidation  peaks  of  manganese  ion  appear  at  3.38  V  and  3.06  V 
(Fig.  9).  These  phenomena  are  consistent  with  the  observations 
from  Ohzuku  et  al.  [19].  However,  no  one  has  identified  the  reac¬ 
tions  between  3.0  V  and  3.5  V.  Xu  et  al.  [35]  performed  the  EELS 
analysis  of  Mn-L  edges  of  LiILio.2Nio.2Mno.6lO2  and  showed  that  the 
oxidation  states  of  manganese  inside  the  cycled  particles  are  almost 


identical  with  those  of  the  pristine  particles  but  the  oxidation  states 
of  manganese  on  the  surface  of  the  cycled  particles  are  lower. 
Boulineau  et  al.  [29]  and  Xu  et  al.  [35]  have  revealed  a  defect  spinel¬ 
like  phase  at  the  edge  of  lithium-rich  oxide  particles  after  1st 
charge  to  4.8  V,  based  on  the  observation  of  STEM  and  EELS.  With 
these  results,  we  can  infer  that  the  reactions  between  3.0  V  and 
3.5  V  are  related  to  the  defect  spinel-like  phase  and  the  changes  of 
the  peaks  between  3.0  V  and  3.5  V  imply  the  local  environment 
change  of  activated  manganese  ions  during  cycling. 

Fig.  10  presents  the  variation  of  peak  potentials  of  Ni2+/Ni3+  and 
Ni3+/Ni4+  with  cycling.  It  can  be  seen  that  the  peak  potential 
difference  of  the  two  couples  increases  with  cycling,  40  mV  at 
2nd  cycle  and  220  mV  at  50th  cycle  for  Ni2+/Ni3+,  and  10  mV  at  2nd 
cycle  and  150  mV  at  50th  cycle  for  Ni3+/Ni4+.  This  indicates  that 
insertion/extraction  processes  of  lithium  ions  through  Ni2+/Ni4+ 
redox  reactions  become  more  irreversible  with  cycling.  The  equi¬ 
librium  potentials  of  the  two  redox  couples,  which  are  related 
tightly  with  the  structure  of  Li[Lio.i3iNio.304Mno.565]02,  can  be 
estimated  by  the  average  value  of  oxidation  peak  potentials  and 
reduction  peak  potentials.  As  shown  in  Fig.  10,  the  equilibrium 
potentials  of  Ni2+/Ni3+  and  Ni3+/Ni4+  change  with  cycling,  sug¬ 
gesting  that  the  structural  rearrangement  proceeds  into  the  bulk  of 
Li[Lio.i3iNio.304Mno.565]02.  The  rearrangement  can  be  understood  as 
the  result  of  the  Li/Ni  exchange  in  metal  layers  and  lithium  layers. 
Ni  ions  occupied  in  lithium  layers  block  the  pathway  of  Li+  diffu¬ 
sion,  and  thus  increase  the  energy  barrier  of  Li+  insertion/desertion. 
Consequently,  the  polarization  of  Li+  insertion/desertion  in  Li 


Fig.  6.  Cyclic  performance  of  the  cell  Li[Li0.i3iNio.304Mn0.565]02/Li  at  0.1  C  between 
3.0  V  and  4.8  V  at  25  °C. 
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Fig.  8.  dQJdV  (vs.  voltage)  curves  of  Li[Li0.i3iNio.304Mn0.565]02  at  1st  cycle,  calculated 
from  the  data  of  Fig.  7. 
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Fig.  9.  dQJdV  (vs.  voltage)  curves  of  Li[Lio.i3iNi0.304Mn0.565]02  at  2nd,  5th,  15th,  30th, 
and  50th  cycle,  calculated  from  the  data  of  Fig.  7. 

[Lio.i3iNio.304Mno.565]02  increases,  leading  to  the  capacity  decay  of 

Li[Li0.i3iNio.304Mn0.565]02. 

Therefore,  the  capacity  decay  of  Li[Lio.i3iNio.304Mno.565]02 
results  from,  not  only  the  loss  of  active  material  caused  by  the 
solubility  of  transition  metal  ions,  but  also  the  polarization  of  Li+ 
insertion/desertion  induced  by  structural  rearrangement. 

Fig.  11  presents  the  rate  capability  of  the  prepared  Li 
[Lio.i3iNio.304Mno.565]02.  The  sample  delivers  170  mAh  g_1  at  0.2  C, 
145  mAh  g  1  at  0.5  C,  130  mAh  g  1  at  1  C,  and  22  mAh  g”1  at  5  C. 
Compared  with  the  other  Li[Lio.i3iNio.304Mno.565]02  samples 
prepared  by  co-precipitation  without  any  dispersant  [36],  our  sample 
exhibits  better  rate  performance.  However,  the  rate  capacity  is  still 
poor  compared  with  conventional  cathode  materials  of  lithium  ion 
battery,  such  as  LiCoC^  and  LiMn204.  The  poor  rate  capacity  of  Li 


Fig.  10.  Variation  of  peak  potentials  of  Ni2+/Ni3+  (A)  and  Ni3+/Ni4+  (B)  with  cycling. 


Fig.  11.  Cyclic  performance  of  the  cell  Li[Lio.i3iNi0.304Mn0.565]02/Li  at  different  charge/ 
discharge  rates  between  3.0  V  and  4.8  V. 


[Li0.i3iNio.304Mn0.565]02  is  related  to  the  low  electronic  conductivity 
associated  with  the  Mn4+  ions  and  the  thick  SEI  layer  formed  by 
a  reaction  of  the  cathode  with  the  electrolyte  [34].  Fortunately,  it  has 
been  known  that  the  poor  rate  capacity  of  Li[Lio.i3iNio.304Mn0.565]02 
can  be  improved  by  coating  such  as  carbon  and  AI2O3  [37-39]. 

4.  Conclusions 

In  this  paper,  we  report  a  new  method  to  prepare  Li 
[Lio.i3iNio.304Mno.565]02,  in  which  polyvinylpyrrolidone  (PVP)  and 
ethylene  glycol  (EG)  are  used  as  dispersants.  With  the  synergistic 
dispersion  of  PVP  and  EG,  size-uniform  Li[Li0.i3iNio.304Mn0.565]02 
particle  can  be  obtained.  The  obtained  LiILio.131Nio.304Mno.565] 
O2  delivers  a  high  discharge  capacity,  and  exhibits  good  cyclic 
stability  and  rate  performance.  The  capacity  decay  mechanism  of 
lithium-rich  layered  oxide  was  also  electrochemically  understood 
in  more  detail.  The  results  imply  that  the  capacity  decay  of  Li 
[Lio.i3iNio.304Mno.565]02  results  from  not  only  the  loss  of  active 
material  caused  by  the  solubility  of  transition  metal  ions,  but  also 
the  polarization  of  Li+  insertion/desertion  induced  by  structural 
rearrangement. 
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